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Abstract 
The temperature dependent diffuse reflectance spectroscopy measurements were carried out on 
the polycrystalline samples of BaTiO3 across the tetragonal to cubic structural phase transition 
temperature. The values of various optical parameters such as band gap (Eg), Urbach energy (EU) 
and Urbach focus (E0) are estimated in the range of 300 K to 470K. It is observed that near 
structural phase transition temperatures there exists two value of E0, suggesting presence of 
electronic heterogeneity over wide temperature range. Further near transition temperature EU 
shows metastability i.e. value of EU at temperature T is not constant but is a function of time (t). 
Interestingly it is observed that the ratio of EU(t=0)/ EU(t = tm), is almost remains constant at 295 K 
(pure tetragonal phase) and at 450 K (pure cubic phase), whereas this ratio shows decreasing 
behavior close to structural phase transition temperature, which confirms the presence of 
electronic metastibility in the pure BaTiO3. The observed metastibility can be fitted with the 
stretch exponents relaxation behavior, suggesting the presence of dynamic heterogeneous 
electronic disorder present in the sample across the transition. Further it appears that these 
metastable Urbach tail states (electronic disorder) may couple with the soft phonon modes and 
responsible for the observed terahertz dielectric relaxation (Phys. Rev. Lett. 101, 167402 
(2008)). Further; present studies suggest that the optical studies appear to be more sensitive to 
probe the disorder/heterogeneity present in the sample. 
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Introduction:  
Understanding the variation of Eg as a function of temperature and that of EU
1,2
 are of scientific 
and technological interests
3,4
. It is well accepted that the EU which is a measure of various 
disorders present in the system (thermal, polar, chemical, structural and due to defects etc.) 
should be small enough for pure un-doped system. The various contributions to the EU and their 
temperature dependence is described and discussed in literatures earlier
5
. Generally it is 
observed and believed that that the EU scales up with thermal disorder i.e. increases with the 
temperature. For the samples which undergo the phase transition an anomaly is observed in the 
temperature dependent behavior of EU. Zametin
6
 in 1984 presented the detail review and 
understanding on the anomalies in optical properties of polar materials at phase transitions and 
shown that; in case of polar materials such as polar semiconductors and dielectric materials; 
there exists huge change in electron-phonon interaction which results in the change of the shape 
of the absorption edge at transition temperature, further it is pointed out that scattering of carriers 
and perturbation of their wave functions also results in the change of the half-width and 
amplitude of the absorption
6
 and the uniform statistical distribution of two or more phases is 
considered near to the transition temperature
7
.In past the efforts have been made to understand 
the temperature dependent mechanism(s) underlying the Urbach rule
8,9
. The exponential 
behavior of Urbach energy as originally described by Urbach is of the following form.  
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Here  is absorption coefficient, E is the photon energy, k is the Boltzmann constant and T is 
temperature. The above equation suggests that S is independent of material and completely 
governed by temperature, but experimentally it is observed that the S is purely a property of 
material and is a function of temperature, hence Martienssen
10
 redefine the Urbach rule
 
and 
wrote the same in the following form. 
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Here 0 and E0 are the constants determined by extrapolated linearly from ln() versus E curves 
at a given temperature T. The functional form of σ(T) is given by Mahr 11 and is as follows 
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Here σ0 is a constant according and found to be inversely proportional to electron phonon 
interaction; and ℏω0 the energy of phonon most strongly bound with the electron
6
. While 
discussing above stated Urbach rule at the phase transition it is pointed out that the Urbach 
rule
22
as discussed in equation No.(ii) appears to be more correct and one need to take in to 
account the anomaly in Eg and change in the shape of absorption edge. The above mentioned 
literatures clearly suggest and confirm that the shape of Urbach tail states carries the information 
about the phase transition
12–14
.     
BaTiO3 is one of the most studied classical and an important ferroeletric material and known to 
show the first order structural phase transition
15–18
. Further it is expected that at the structural 
phase transition BaTiO3 may show change in electron-phonon interaction which may results in 
the change of the shape and amplitude of the absorptionedge.
6
 
Even though the temperature dependent optical studies
19,20
 are available on BaTiO3
21–23
  but no 
clear understanding about the behavior of temperature dependence of Urbach tail states are 
available
24
. Further BaTiO3 is known to show relaxation in terahertz region
25
. The origin of such 
relaxation is proposed to be is partially soft S-phonon mode and for order disorder dynamics 
associated with stochastic interwell hops
25
. It is important here to note that the corresponding 
equivalent frequency of these Urbach tails states (Urbach energy) for Barium Titanate is in THz 
region. Further there are reports suggesting evidence of small polaronic effect (electron lattice 
coupling) in BaTiO3
26–28
. Thus it appears that in energy band there exist finite overlaps between 
phononic and electronic density of states. Further there are evidences of relaxation in central 
Raman peak
29
, thus; if electron phonon coupling exist it must produce corresponding relaxation 
in electronic states i.e. Urbach tail states, keeping this in view here we have performed 
temperature dependent diffuse reflectance spectroscopy and  report the temperature dependent 
band gap, Urbach energy, stiffness coefficient and Urbach focus across phase transition. It is 
observed that near phase transition there exists two Urbach focus on corresponding to tetragonal 
phase and cubic phase, thus it appears that the optical band gap, Urbach energy, steepness 
coefficient etc. may have finite contribution from both the crystallographic phases over wide 
temperature range across the phase transition. Further it is observed that the Urbach energy 
which is measure of various disorder present in the sample shows metastability across the phase 
transition and the observed metastibility can be explained on the basis stretch exponents 
relaxation behavior, suggesting the presence of dynamic heterogeneity present in the sample 
across the transition temperature. The present experimental results clearly demonstrate that the 
Urbach tail states carry the information about the various disorders present in the system 
including that of structural one (random distribution of tetragonal and cubic), further it these 
metastable states show hysteresis in wide temperature range as compared to that of band gap and 
it appears that these electronic states due to various disorders couples with the phonon and may 
produce relaxation in terahertz frequency range.    
 
2. Experimental Details: 
(i) Sample Preparation: Polycrystalline samples of BaTiO3 were prepared by the conventional 
solid-state reaction route using BaCO3 (99.99%) and TiO2 (99.99%)
30
. 
(ii) Structural Characterizations: In order to examine the structural phase purity of the 
prepared samples the powder x-ray diffraction (XRD) experiments were carried out on Bruker 
D8 diffractometer equipped with Cu target. The high temperature x-ray diffraction 
measurements were performed to confirm the structural phase transition in the prepared samples. 
(iii) Dielectric Measurements: Temperature dependent dielectric measurements were carried 
out using a WayneKerr precision impedance analyzer 
31,32
. 
(iv) Temperature dependent Diffuse Reflectance Measurements: The optical band gap of 
prepared samples has been measured using diffuse reflectivity measurements. These 
measurements have been performed in the 200 nm to 800 nm wavelength range using Cary-60 
UV-VIS-NIR spectrophotometer having Harrick Video-Barrelino diffuse reflectance probe in 
the temperature range of 300K to 480K. 
Results and discussion 
(I) Structural characterization and phase purity.  
Figure-1 shows the powder x-ray diffraction pattern for the prepared sample. The obtained x-ray 
diffraction data is indexed considering the space group P4mm and no impurity peaks are 
observed, which confirms the structural phase purity of the prepared sample. The high 
temperature x-ray diffraction measurements confirm the structural phase transition at around ~ 
398 K as shown in the inset of figure-1.  
  
Figure 1: Powder x-ray diffraction pattern for prepared BaTiO3 the absence of any 
unaccounted peak confirms the phase purity of the sample. The inset shows the (002) at room 
temperature and at 405K. 
 
(II) Dielectric Measurements: Figure-2 shows the temperature dependent dielectric 
constant for the prpared BaTiO3 sample at various frequencies. The signature of the 
ferroelectric to paraelectric transition (as governed by tetragonal to cubic structural 
phase transition) is clearly visible. The dielectric data confirms the absence of 
dielectric relaxation in the prepared BaTiO3 sample
30
. These high purity samples 
were used for the optical characterization.  
 Figure 2 Temperature dependent dielectric data for BaTiO3. The inset shows the magnified 
view around transition temperature confirming the absence of dielectric relaxation in the 
prpared sample in the studied frequency range.   
 
(III) Diffuse Reflectance Spectroscopy (DRS) 
In the present study we have probed the optical absorption for BaTiO3 using diffuse reflectance 
spectroscopy, the spectra obtain from DRS is converted into equivalent absorption spectra 
through Kubelka–Munk33,34 equation. 
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Where )( RF is the Kubelka–Munk function, dardssample RRR tan/ , RSample is the diffuse reflectance 
of the sample and RStandard is that of the standard (BaSO4 in present case). Figure 3(a) shows 
graph between obtained Kubelka–Munk function versus wavelength for prepared BaTiO3 sample 
at various temperatures.  Keeping in view the perfect diffuse scattering from the prepared sample 
the Kubelka–Munk function can be related (proportional) to the absorption coefficient (α) as35  
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Figure 3(a) Plot between kubelka-munk function and wavelength of BaTiO3 sample at 
various temperatures (299K-465K). 
 
In order to calculate the Eg the obtain absorption coefficient is converted in to Tauc equation
2
 
and plotted in figure 3(b).  
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Here in equation(vi)  n has the value of 2 for direct bandgap transitions, while n is equal to 1/2 
for an indirect transition
35
. We have used the values of n = 2 to determine the optical gap of 
BaTiO3 as is proposed as direct band gap material
21
, and known to show photoluminescence 
properties
36
. 
 Figure 3(b):- Tauc plot to determine the Band gap of BaTiO3 at various temperature. 
 
Figure 4(a) shows the variation of band gap as a function of temperature. From the figure 4(a) it 
is clear that with increase in the temperature the band gap of BaTiO3 systematically decreases 
and there exists an anomaly at ~395 K which is a well know tetragonal to cubic structural phase 
transition temperature for BaTiO3
37
. It should be noted that above and below structural phase 
transition it is possible to verify the variation of band gap as a function of temperature using 
Varshni’s relation38–40 as shown in the inset of figure 4(a). Figure 4(b) shows the heating and 
cooling plots of band gap Eg for the studied samples, suggesting very narrow hysteresis in band 
gap the studied temperature range. It should be noted that BaTiO3 shows the first order structural 
phase transition
37
. Thus it is expected that near to the phase transition there exists structural and 
polar disorder
3,5
, Thus it is expected that Urbach tail states i.e. Urbach energy should have the 
contribution due to various above mentioned disorders along with the thermal one. Hence we 
have critically looked into the variation of Eu as a function of temperature near phase transition, 
the details of the same are provided below.       
 
 Figure 4(a):- Variation in Band Gap (Eg) at various Temperature (299K-480K) of BaTiO3. 
Inset (i) shows fitting of cubic phase by using theoretical model (varshni’s relation) inset (ii) 
shows plot of dEg/dT  to determine transition temperature. 
 
 
 Figure 4(b): Variation in band gap during heating and cooling cycles which confirms 
reversibility value of band gap of BaTiO3 inset (i) shows the corresponding hysteresis in EU.  
Urbach energy and Urbach Focus: As discussed above the Urbach energy provides the 
information about the disorder present in the sample. The contributions to the said energy may 
be due to various types of disorders such as thermal, polar, chemical, structural and due to 
defects etc.
5
. The inset of figure-4 (b) shows the variation of EU as a function of temperature. At 
the tetragonal to cubic structural phase transition EU suddenly decreases, this may be due to the 
disappearance of some of the vibration mode in Raman spectra
4,41,42
 of cubic phase in BaTiO3 
leads to the sharp decrease in the overall value of Urbach energy at transition temperature further 
cubic phase being more order phase as compared to that of tetragonal phase may also lead to 
decrease in EU.  
In order to further investigate the effect of phase coexistence (structural and polar heterogeneity) 
on the optical properties we have plotted natural log of absorption coefficient α for BaTiO3 as a 
function of incident photon energy
5,43
 as shown in figure 5(a) and 5(b). Two Urbach focuses
5
 
which is a disorder-independent constant which seems to be related to the band-edge
43,44
 
corresponding to cubic and tetragonal phases are clearly evident for high temperature and low 
temperature data. Surprisingly in the temperature region of 384K-480K two slopes are clearly 
visible as shown in figure 5(c). From this figure it is clear that it is possible to extract two 
Urbach focuses whose values are very close to that of cubic and tetragonal phases. Our results 
are consistent with those reported by Park et al
45
.  
 
            Figure 5(a) Urbach focus across tetragonal phase of BaTiO3 for tetragonal phase. 
             Figure 5(b) Urbach focus across cubic phase of BaTiO3 for cubic phase. 
 Figure 5(c) shows two slopes for ln versus photon energy data. The two slopes corresponds 
to two different Urbach focus one for cubic and other for tetragonal phase. 
In order to confirm the structural phase coexistence (structural heterogeneity) in the temperature 
range corresponding to two slopes the temperature dependent x-ray diffraction data was 
analyzed. Figure-6 shows the x-ray diffraction data at 405 K and 415 K. From the figure it is 
clear that with increase in the temperature the intensity of asymmetric feature as indicated by 
arrows decreases and intensity of (200) peak increases. This suggests that there exists the 
structural phase coexistence over wide temperature range.  
 Figure-6: High temperature x-ray diffraction data of BaTiO3. The decrease in the intensity of 
asymmetric feature and increase in the intensity at 415 K as compared to that of 405 K is 
clearly visible, confirming structural phase coexistence. 
In order to further confirm the heterogeneity near phase transition we have studied the kinetics 
and metastability of EU around the phase transition
46–50
.
 
In Figure-7 we have plotted the ratio of 
EU0/EUt at various temperatures as a function of time. From the figure it is clear that the ratio 
EU0/EUt is almost one in pure tetragonal (295 K) and cubic (450K) phases whereas this ratio 
shows systemic decrease with time near (above and below) transition temperature, this suggests 
that across the phase transition temperature in BaTiO3 there exists multiple states/minima
4,41,51
, 
i.e the presence of dynamic heterogeneity across the transition temperature. In order to 
understand the physics and kinetics of Urbach energy across the phase transition, we have 
analyzed the data in the terms of stretch exponents and fitted the observed data with equation 
(viii).  
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The values of τ and β are provided in figure 8 which are in agreement with the expected values 
of τ and β46. 
 
Figure-7: plot between Eu(0)/Eu(t) as a function of  time. Near transition temperature this 
ratio follows stretch exponent behavior. Inset (i) shows almost no variation in Eu(0)/Eu(t)  in 
pure tetragonal and pure cubic phase. Inset(ii) Fitting of Urbach relaxation by using stretch 
exponents equation at 380K.    
 
From the above discussions it is clear that around the high temperature structural phase transition 
in BaTiO3 there exist heterogeneity.  Even though the weak signature in the form of asymmetry 
is present in the diffraction data but the refinement of the data may clearly miss this signature 
but the signature of this heterogeneity is more clearly visible in Urbach tail states, this is one of 
the very important observations of the present studies. At this juncture it is important to note that 
the dielectric measurements do not show any signature of the dielectric relaxation even when 
measured with very small temperature interval
35
 . This suggests that the probing frequency range 
is not sensitive to the available disorder. J. Hlinka et. al
25
.reported the coexistence of the phonon 
and relaxation modes in the terahertz dielectric response of BaTiO3, further J. Hlinka et.al
25
. 
pointed out that the dielectric response around ~200-600 cm
-1
 (corresponding energy of 0.025 
eV to  0.075 eV) shows the dielectric relaxation. It should be noted that the energy of the Urbach 
tail states observed for the prepared BaTiO3 sample varies from 0.076eV to 0.085eV and is very 
close that of terahertz range as reported by J. Hlinka et.al
25
. Thus it appears that the observed 
Urbach tail states may couple with the S-phonon mode
53
, and may produce the dielectric 
relaxation in terahertz range. The present studies suggest that the optical studies appear to be 
more sensitive to probe the disorder/heterogeneity present in the sample. 
Conclusions: 
In summery we have shown that the pure BaTiO3 shows the heterogeneity and metastability in 
Urbach energy in wide temperature range. It is shown that the optical spectroscopy is more 
sensitive to prove the disorder as compared to that of the diffraction studies and dielectric 
measurements. Further it appears that the observed Urbach energy states couple with S-phonon 
mode and produce dielectric relaxation in terahertz range. The present studies suggest that the 
optical studies appear to be more sensitive to probe the disorder/heterogeneity present in the 
sample. 
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